(nearly 50% lower than the reference) and OD was 0.5337 ± 0.0271 (~60% lower than the Butanol is the first alcohol to display strong toxic effects before 10 g/L ( Figure 1D ). At 1 0 4 7.5 g/L, growth rate (0.2932 ± 0.0302 1/h) and OD (0.5927 ± 0.0454) were reduced more than 1 0 5 50% as compared to the reference (Figure 2 ). Growth was entirely inhibited in butanol at 15 g/L. Our data presented for butanol toxicity is consistent with a previous study reporting that growth 1 0 7 of E. coli DH5α in YPD medium was reduced by 80% in 1% v/v (~8.1 g/L) butanol and stopped 1 0 8 at 2% v/v (~16.2 g/L) [38] . Isobutanol was less toxic than butanol at all concentrations, with the 1 0 9 exception of 15 g/L, where no growth was observed for both compounds (Figure 1E ). At 7.5 g/L, 1 1 0 isobutanol was less inhibitory than butanol for E. coli growth, with higher specific growth rate 1 1 1 and OD by approximately 25% (Figure 2 ). Findings of isobutanol toxicity presented here are 1 1 2 consistent with the Atsumi et al. 's report [24] . The difference in toxic effects of isobutanol and 1 1 3 butanol is consistent with the data by the Huffer et al. report [25] . Remarkably, based on the 1 1 4 1 1 5 coli but also some other bacterial, eukaryotic, archaeal species. For pentanol and isopentanol, no growth was observed at any studied concentrations 1 1 7 above 5 g/L (Figures 1F, 1G ). Pentanol terminated all growth at 5g/L, and at 3.75 g/L specific 1 1 8 growth rate was just 0.2818 ± 0.0438 1/h ( Figures 1F, 2) . Unlike pentanol, isopentanol at 5 g/L 1 3 8 like propionic acid (Figures 3C, 4) . Isobutanoic acid was found to be less toxic than butanoic 1 3 9 acid, following the chain branching trend seen in alcohols ( Figures 3D, 4) . At 2.5, 5.0, and 7.5 1 4 0 g/L, cells grew 6%, 5%, and 15% faster in isobutanoic acid than butanoic acid. The pair of pentanoic and isopentanoic acid was also used. At each concentration, 1 4 2 isopentanoic was less toxic than pentanoic acid. Pentanoic and isopentanoic acids sustained 1 4 3 growth at 7.5 g/L to ODs of 0.3017 ± 0.0504 and 0.3417±0.0213, respectively, and specific 1 4 4 growth rates reached 0.2262 ± 0.0395 and 0.3041 ± 0.0170 1/h, respectively (Figures 3E, 3F, 4) . The next acid studied was hexanoic acid. Growth with this compound was sustained at 1 4 6 7.5 g/L, but specific growth rate was reduced by 70% and OD just reached 0.2448 ± 0.0283 1 4 7 (Figures 3G, 4) . Octanoic acid was even more toxic, eliminating all growth at 5 g/L ( Figure 3H , 1 4 8 4). At 2.5 g/L, specific growth rate (0.3741 ± 0.0598 1/h) and OD (0.4328 ± 0.0219) was decreased by about 40% and 65% as compared to the reference, respectively. Octanoic acid is growth at 15 g/L ( Figure 5 ). Ethyl butyrate was the most toxic among the characterized ethyl esters, with a specific 1 7 1 growth rate of 0.3592 ± 0.0050 1/h and OD of 0.5437 ± 0.0151 at 5 g/L ( Figures 5C, 6 ). The 1 7 2 toxic effect of ethyl butyrate was still noteworthy at 5 g/L, slowing growth rate by over 25% and butyrate, ethyl isobutyrate, was also studied ( Figure 5D ). It was less toxic than ethyl butyrate at 1 7 5 all concentrations, most notably at 5 g/L, where observed growth rate was approximately 20% 1 7 6 higher than the growth rate with ethyl butyrate ( Figure 6 ). Cultures with 7.5 g/L of both ethyl 1 7 7 butyrate and ethyl isobutyrate were unable to grow ( Figures 5C, 5D ). Propyl esters. Both propyl acetate and isopropyl acetate inhibited growth at 7.5 g/L, but isopropyl acetate was far less toxic (Figures 5E, 5H) . Cultures containing propyl acetate at 7.5 1 8 0 g/L reached an OD of 0.2372 ± 0.0241, doubling only once in 24 h of characterization. However, 1 8 1 the cell culture with isopropyl acetate at 7.5 g/L displayed a higher OD than the cell culture with 1 8 2 propyl acetate by 3 folds ( Figure 6 ). Cells (0.3749 ± 0.0148 1/h) also grew 3.5 times faster in 1 8 3 isopropyl acetate than propyl acetate at this concentration. The addition of propyl propionate at any concentration 5 g/L or higher prevented all 1 8 5 growth ( Figure 5F ). A strong toxic effect was seen at the addition of 2.5 g/L of the compound, 1 8 6 reducing both specific growth rate (0.4689 ± 0.0234 1/h) and OD (0.7962 ± 0.0168) by ~25% 1 8 7 and ~40% as compared to the reference, respectively ( Figure 6 ). On the other hand, cultures 1 8 8 exposed to 2.5 g/L isopropyl propionate displayed much healthier growth ( Figures 5I, 6) , with a propionate, no growth occurred in cultures at 5 g/L isopropyl propionate. The final pair of propyl esters characterized here is propyl butyrate and isopropyl 1 9 2 butyrate. Both compounds prevented any growth from occurring at 2 g/L, but growth was Isopropyl butyrate was less toxic, with 7% higher growth rate and 15% higher OD than propyl 1 9 6 butyrate at this concentration ( Figure 6 ). (ethyl acetate, propyl acetate, isopropyl acetate) showed no toxic effects at 2.5 g/L or less. No 2 0 0 growth was observed at any concentrations of butyl acetate higher than 4 g/L. Isobutyl acetate 2 0 1 was less toxic than butyl acetate where cells (0.4194 ± 0.0294 1/h) grew 15% faster at 2.5 g/L 2 0 2 and displayed a 3% increase in OD (0.6847 ± 0.0341 1/h) ( Figures 5N, 6 ). Like butyl acetate, 2 0 3 cells exposed to isobutyl acetate at concentrations higher than 4 g/L failed to grow. Butyl propionate is far more toxic than butyl acetate (Figures 5L, 6) . Unlike butyl and 2 0 5 isobutyl acetates, butyl propionate with concentration greater than 2 g/L prevented growth. Growth at 1.25 g/L of this compound was marginal with specific growth rate decreased by more 2 0 7 than 60%. The toxic effects were even seen at just 1 g/L, where specific growth rate (0.4850 ± 2 0 8 0.0207) dropped by 20%. Isobutyl propionate was slightly less toxic, allowing for growth at 2 2 0 9 g/L, but specific growth rate and OD were each no more than 20% of that of the reference The final esters of interest were the pair of butyl butyrate and isobutyl butyrate. Butyl 0.3661 ± 0.0319 1/h (60% of the reference) and OD to 0.4948 ± 0.1426 (~35% of the reference). In comparison, isobutyl butyrate limited growth by 30% less (Figure 6 ), displaying a specific 2 1 6 growth rate of 0.5337 ± 0.0204 (1/h) at the same concentration. OD was over 2-fold higher with 2 1 7 this compound than with butyl butyrate. Growth at concentrations of 1 g/L of both compounds 2 1 8 was prevented. Like alcohols and acids, we observed similar trend of toxicity as a function of ester types 2 2 0 and concentrations. Increasing ester concentrations increases toxicity for all compounds and 2 2 1 shorter chain esters exhibit less toxic effects on microbial growth. There is a strong linear correlation (R 2 >0.94) between growth rate and cell mass when E. 2 2 3 coli is exposed to alcohols, acids, and esters ( Supplementary Figure 1) . Therefore, E. coli health can be evaluated based on growth rates and cell mass under all conditions investigated. within and across chemical classes, we first used the carbon chain length as a basis. Regardless 2 2 9 of metabolite types and concentrations, carbon chain length was strongly correlated with growth 2 3 0 inhibition, reducing both growth rate and cell mass (Figure 7) . The longer the carbon length is, 2 3 1 the more toxic a metabolite becomes. Toxic effects of longer chain metabolites on microbial growth are likely caused by 2 3 3 membrane disruption. Except esters, some acids and alcohols have been reported to disrupt 2 3 4 membrane integrity and hence inhibit cell growth [25, 27, 39, 40] . As the total count of carbon 2 3 5 atoms in a molecule increases, it becomes more soluble in the cell's lipid membrane and less so 2 3 6 in aqueous media. This interference causes extensive changes to cell morphology, primarily 2 3 7 elongation due to changes in membrane fluidity, which is a well-known indicator of high stress Even though the correlation between carbon chain length and toxic effect is prevalent, the 2 4 2 strength of this correlation varies among metabolites within and across metabolite classes.
4 3
Alcohol toxicity is most strongly correlated with chain length, and each alcohol is overall more 2 4 4 toxic than a corresponding organic acid or ester of the same total carbon. The trend, however, moieties are more toxic than those having shorter chain alcohol moieties. acid dissociation that enables it to exist as the monoprotic acid and conjugate base forms. Degrees of dissociation depend on pKa of the metabolite and pH. In our experiments, the 2 8 9 fraction of conjugate base dominated because the initial pH was adjusted to 7. Since the 2 9 0 conjugate base is more hydrophilic than the monoprotic acid, it is less membrane soluble and 2 9 1 hence less toxic. Figure 5A) . Among the classes of metabolites investigated 2 9 5 in this study, alcohols have the highest energy densities followed by esters then acids with the same chain lengths because alcohols are least oxygenated. Therefore, molecules with higher 2 9 7 energy densities are more toxic to microbial growth. Hydrophobicity. To better capture toxic effects of metabolites within and across different 2 9 9 classes of metabolites, we further examined metabolite hydrophobicity as a basis. We used 3 0 0 partition coefficients to determine and quantitatively compare hydrophobicity of metabolites. As Figure 5B) . The longer the carbon chain, the higher the coefficients increase, negative effects on specific growth rates and ODs also increase 3 1 1 significantly. The negative effects become severe when cells are exposed to higher chemical 3 1 2 concentrations. Among different classes of metabolites examined in this study, alcohols are the 3 1 3 most toxic as compared to acids and esters at the same partition coefficients and concentrations. Esters also appear to be less toxic than acids at lower partition coefficients and chemical 3 1 5
concentrations. All compounds that prevented growth at concentrations greater than 2.5 g/L have 3 1 6 a partition coefficient at least ~250 times greater than ethanol. Every branched chain isomer in 3 1 7 this work was shown to be less toxic than the associated straight chain isomer, and in each case the branched chain has a lower partition coefficient than the straight chain compound. Hydrophobicity of a metabolite and its toxic effect on microbial growth can be similarly 3 2 0 explained by hydrophobic interaction between the metabolite and cell membrane. As partition 3 2 1 coefficients increase, metabolites become more membrane soluble and disrupt lipid membranes, 3 2 2 which enhance degrees of toxicity and sufficiently alter cell morphology [44] [45] [46] . Therefore, 3 2 3 hydrophobicity is a good quantitative index to evaluate toxic effect of a metabolite on microbial 3 2 4 health. Analysis of a comprehensive list short-chain alcohols, acids, and esters shows distinctive 3 2 8 toxic effects of these metabolites on E. coli health. Alcohols are most toxic followed by acids 3 2 9 and esters at identical concentrations and total carbon counts. Regardless of metabolite classes 3 3 0 and concentrations, longer-chain metabolites inhibit microbial growth more significantly than 3 3 1 shorter-chain ones. Branched-chain metabolites are less toxic than straight-chain ones with same 3 3 2 total carbon count. Remarkably, for the same total carbon counts, esters having longer-chain 3 3 3 alcohol moieties are more inhibitory than those having short-chain alcohol moieties.
4
Hydrophobicity of a metabolite is a good quantitative index to determine its toxic effect on interest to further explore in the future whether the trends found in this study exist in other 3 3 8 bacterial, eukaryotic, and archaeal species. Even though it is not the focus of this study, 
